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Oxalate secretion by 
ectomycorrhizal Paxillus involutus 
is mineral-specific and controls 
calcium weathering from minerals
A. Schmalenberger1,2,3, A. L. Duran2, A. W. Bray4, J. Bridge1, S. Bonneville4,†, 
L. G. Benning4,5, M. E. Romero-Gonzalez1, J. R. Leake2 & S. A. Banwart1
Trees and their associated rhizosphere organisms play a major role in mineral weathering driving 
calcium fluxes from the continents to the oceans that ultimately control long-term atmospheric 
CO2 and climate through the geochemical carbon cycle. Photosynthate allocation to tree roots and 
their mycorrhizal fungi is hypothesized to fuel the active secretion of protons and organic chelators 
that enhance calcium dissolution at fungal-mineral interfaces. This was tested using 14CO2 supplied 
to shoots of Pinus sylvestris ectomycorrhizal with the widespread fungus Paxillus involutus in 
monoxenic microcosms, revealing preferential allocation by the fungus of plant photoassimilate to 
weather grains of limestone and silicates each with a combined calcium and magnesium content 
of over 10 wt.%. Hyphae had acidic surfaces and linear accumulation of weathered calcium with 
secreted oxalate, increasing significantly in sequence: quartz, granite < basalt, olivine, limestone < 
gabbro. These findings confirmed the role of mineral-specific oxalate exudation in ectomycorrhizal 
weathering to dissolve calcium bearing minerals, thus contributing to the geochemical carbon cycle.
The formation of soil, which provides the foundations of terrestrial ecosystems and agriculture, is based 
on the weathering of rock-forming minerals1. Calcium and magnesium are abundant in the Earth’s 
crust2 where calcium in particular precipitates with the bulk of the Earth’s orthophosphate. Biological 
acquisition of growth-limiting mineral phosphorus is therefore expected to mobilise calcium in excess 
of biological requirements through biologically-driven co-dissolution from phosphorus-bearing miner-
als. Quantification of weathering activities, particularly for calcium- and magnesium-bearing rocks and 
minerals, is a key component in predicting rates of soil formation, calcium and magnesium fluxes from 
the continents to the oceans, and fluxes of biologically essential elements including phosphorus. The 
release of such key nutrients ultimately control the biomass and productivity in long-term ecosystem 
developments3–5.
Until recently, continental-scale biological weathering has been largely attributed to plant root activ-
ities6,7. However, 80–90% of all plant species associate with mycorrhizal fungal partners8,9. Mycorrhizal 
mycelial networks are several times longer and much finer than plant roots, in the case of ectomy-
corrhiza often extending to 200 m in length g−1 soil10. These networks are supported by up to 30% 
of the net photosynthate of their plant hosts10. In return, the mycelial networks enhance plant uptake 
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of growth-limiting nutrients, in particular phosphorus, from the soil environment thereby enhancing 
ecosystem productivity11–13. In typical ectomycorrhizal forests, which comprise over 35% of the global 
forest cover14, the transfer of photosynthate from tree-to-mycorrhizal fungi amounts to a biotic energy 
flux of 1000–6000 kJ m−2 a−1, (based on solar energy capture of average insolation for temperate for-
ests)15. This substantial energy input from plants into mycorrhiza is not only used for catabolic reac-
tions (e.g. respiration) by the fungi, but also allocated to nutrient acquisition from minerals through, 
amongst other processes, the exudation of organic acids8,16 that accelerate chemical dissolution of oxide 
and silicate minerals. Despite increasing awareness of the potential importance of these plant-fungal 
partnerships in mineral weathering, a paucity of measurements has quantified their contributions to 
element mass transfers. Likewise, the extent to which plant photosynthate is directed to fungal-mineral 
interfaces has received limited attention to date17, but has recently been shown to be a major control on 
mycorrhizal-fungal driven mineral weathering rates18.
A number of ectomycorrhizal fungi, including Paxillus involutus, can be grown in pure culture, where 
the fungi can synthesise and secrete up to 1 mmol oxalate g−1 of fungal biomass (DW)19–21. Both calcium 
and bicarbonate ion concentrations influence oxalic acid secretion by P. involutus grown with nitrate19–21. 
The secretion of oxalic acid is thought to play a major role in the dissolution of apatite, releasing phos-
phorus for uptake by ectomycorrhizal fungi and immobilizing the released calcium into calcium oxa-
late22. However, other elements may also influence fungal oxalate secretion. For example, Pinus sylvestris 
symbiotic with Hebeloma crustuliniforme has shown trends for oxalate exudation to be higher when 
exposed to rock grains containing different amounts of potassium23. This is consistent with studies of 
fungi in ectomycorrhizal symbiosis with trees acting as biosensors actively foraging for nutrients in rocks 
and minerals, distinguishing mineralogy such as apatite from quartz, and different grain sizes17,24,25.
In the current literature, most mineral weathering data are derived from solution-based abiotic disso-
lution experiments26–28. There, weathering of rocks and minerals is controlled primarily by interactions in 
aqueous solutions29 in which rates are dependent on the distance from equilibrium, pH, ionic strength, 
redox state, and temperature. Biological weathering processes are distinct in their spatial precision, often 
targeted at specific nutrient-rich minerals in soils, evident as preferential colonization of mycorrhizal 
hyphae on grains of certain rock types24. Some of the most biologically active forest soils that experience 
intense weathering from organic acid exudation by mycorrhizal fungi are freely-draining and seasonally 
dry30. Consequently, there is a need to study weathering in environments where soils are not water sat-
urated for extended periods of time31, e.g. in the absence of gravitational water32. Indeed, weathering of 
biotite and apatite in microcosms by P. involutus in symbiosis with host trees has revealed that significant 
chemical and physical alteration of minerals can take place in conditions where the minerals are not 
immersed in water22,33–35.
The aim of the present study was to test the hypotheses that (i) ectomycorrhizal weathering is ulti-
mately driven by fungal allocation of photoassimilate received from a host plant (in this case, Pinus 
sylvestris), (ii) the release of calcium from minerals, and its accumulation as a weathering product by a 
symbiotic fungal partner (in this case, P. involutus), is linked to mineral-specific rates of fungal secretion 
of oxalic acid and the formation of calcium oxalate. To address these hyphotheses, monoxenic micro-
cosms were designed with mineral weathering arenas, containing grains of a range of important car-
bonate and silicate rocks and minerals (limestone, basalt, gabbro, granite, olivine, microcline) of various 
calcium and phosphorus concentrations and a control mineral (quartz, 0.01% CaO, 0.0006% P2O5). These 
rocks/minerals were accessible only to mycorrhizal fungal hyphae extending from the roots of the host 
plants17 and were hydrologically isolated from the root/mycorrhiza compartments to mimic unsaturated 
soil environments in which ectomycorrhizal fungi are most active9. The allocation of recent photosyn-
thate carbon to P. involutus, and its subsequent deployment in weathering arenas was quantified using 
14CO2 pulse-labelling and tracing. Quantification of calcium oxalate accumulation on symbiotic ectomy-
corrhizal fungal hyphae revealed the extent to which calcium mass transfer, resulting from plant-drived 
fungal weathering is linked to oxalate secretion.
Results
Rock/mineral composition. Concentrations in the rocks and minerals were expressed as weight (wt. 
%) binary oxide (Table 1). Calcium oxide (CaO) ranged from 32% in the limestone, to 15% in gabbro, 
11% in basalt, 4% in granite and less than 0.2% in olivine and microcline. For magnesium oxide, (MgO) 
the highest concentrations were found in olivine (45%), followed by limestone (14%), gabbro (10%) and 
basalt (8%). In contrast, the highest amounts of potassium oxide (K2O) were identified in microcline 
(15%) and granite (4%). Phosphorus concentrations were low in all rocks/minerals (0.004–0.36% P2O5) 
but varied by almost two orders of magnitude (Table 1) around the average concentration of phosphorus 
in the earth’s crust2. The bulk chemical compositions of the rock/mineral samples are reflected in the 
mineralogy, as determined by Rietveld refinement of XRD patterns (Table  2). Samples of granite con-
tained anorthite (16%, CaAl2Si2O8) as the only calcium bearing mineral. Basalt samples contained anor-
thite (59%), and augite (20%, (Ca,Na)(Mg,Fe,Al)(Si,Al)2O6), while samples of gabbro contained anorthite 
(56%) and diopside (13%, CaMgSi2O6) as the major calcium bearing minerals. Limestone was primarily 
comprised of dolomite (74%, CaMg(CO3)2).
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Plant-to-fungal carbon allocation to weathering arenas. Amounts of 14C fixed by Pinus sylvestris 
and allocated from roots to weathering arenas colonised by P. involutus were lowest in wells with quartz, 
granite and microcline with below 3300 disintegrations per minute (DPM) g−1 dry weight (DW) (Fig. 1). 
A higher 14C allocation of over 5900 DPM g−1 DW was recorded in the wells with olivine although this 
difference was not significant (P > 0.05). 14C allocations for colonised wells with basalt and gabbro were 
close to 8000 DPM g−1 DW and for basalt significantly higher than quartz and microcline (P < 0.05). 
The highest 14C carbon allocations of over 22,000 DPM g−1 DW were detected in colonised wells with 
limestone (P < 0.05).
Determination of pH of P. involutus hyphae in weathering arenas. The pH values of the myc-
orrhizal hyphae removed from the grains of granite, basalt and limestone were determined with the 
fluorescent molecular probe SNARF4F through confocal laser scanning microscopy (CLSM). While the 
probe signal on the hyphae taken from wells with limestone and basalt resulted in preferential emission 
of fluorescent light around 580 nm (green), fungal samples taken from the granite wells typically showed 
stronger emissions at 640 nm than at 580 nm. Calibration of the signals revealed a pH from 4.9 to below 
4.6 (pH 4.6 was the lowest calibration point, Fig.  2a,b) for basalt and limestone derived samples. In 
contrast, hyphae taken from the granite wells had variations in the fluorescence signal in the range of 
pH 6.2 to 6.6 (Fig. 2c).
Qualitative analysis of the chemistry of symbiotic hyphae and attached secondary miner-
als from weathering arenas through micro Fourier transform infrared (μFT-IR) spectroscopic 
analysis. All sampled P. involutus hyphae removed from microcosms with grains of olivine, basalt, 
limestone and gabbro showed a characteristic peak at 1317–1324 wavenumber cm−1 in the μFT-IR spec-
trum, identical to the main peak for calcium oxalate monohydrate36 (Fig.  3). The fungal amide peaks 
I and II were overlaid with a broader second calcium oxalate peak at approximately 1628 cm−1 with 
the result that the amide II peak (1550 cm−1)37 was only detectable as an inflexion point (as a result of 
putative calcium oxalate accumulation) from the 1628 cm−1 maximum. A characteristic peak of calcium 
oxalate between 1317–1322 cm−1, and a partial overlay of the amide peaks at 1628 cm−1 were detectable, 
associated with some hyphal samples removed from two of six wells with granite and microcline while 
all hyphal samples removed from wells with quartz grains showed no presence of calcium oxalate. Three 
additional characteristic peaks were detected in all fungal samples in the region of 1030–1160 cm−1 
referred to here as carbon-hydroxyls, esters and carbonyl groups. This region has also been referred to 
as polysaccharides of fungal mycelia37.
Qualitative analysis of crystals formed on hyphae employing scanning electron microscopy 
with energy dispersive X-ray spectroscopy (SEM-EDS). P. involutus hyphae were taken from a 
well in representative microcosms with limestone, basalt and granite grains respectively and analysed 
using SEM-EDS. The electron backscatter images of all the fungal hyphae from wells with limestone and 
basalt showed bright crystalline structures, while only a few of these particles were found associated with 
hyphae removed from a microcosm with granite grains (Supplementary Fig. S1). EDS analysis of selected 
areas with those particles at the surface of mineral grains confirmed the presence of calcium. EDS from 
hyphal samples from basalt and limestone wells showed peaks at Kα (emission line of electron transition 
to K shell) of calcium that reached about 3000 and 6000 X-ray counts per minute, while comparatively 
SiO2 Al2O3 CaO MgO K2O Na2O
Total 
base 
cation 
oxides Fe2O3 P2O5
Quartz 99.90 0.05 0.01 nd 0.01 nd 0.02 0.02 0.006
Microcline 63.97 18.66 0.06 0.02 15.17 0.94 16.18 0.11 0.092
Olivine 43.77 0.90 0.17 45.12 0.01 0.11 45.41 8.99 0.004
Perlite* 75.94 12.75 0.90 0.16 3.28 3.61 7.95 0.83 0.047
Granite 64.88 16.39 3.58 2.26 4.19 3.23 13.25 4.10 0.361
Basalt 46.58 18.39 10.93 8.17 0.30 2.12 21.51 11.63 0.246
Gabbro 46.49 19.64 14.94 10.42 0.08 1.44 26.87 6.10 0.025
Limestone 16.05 2.07 31.75 13.88 0.32 0.30 46.25 1.48 0.111
Table 1.  Major elements (% wt.) are expressed as oxides of silicon (SiO2), aluminium (Al2O3), 
magnesium (MgO), potassium (K2O), sodium (Na2O), calcium (CaO), iron (Fe2O3) and phosphorus 
(P2O5). Values of 0.001 to 0.01 incur an error rate of better than 10% wt; nd = values below 0.001 wt %. 
*Perlite was added to the main rooting compartment of all mesocosms, but was not present in the wells to 
which the other rocks and minerals listed here were added.
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Feldspars Micas Pyroxenes
Quartz Orthoclase Albite Anorthite Microcline Sanidine Biotite Muscovite Augite Wollastonite Diopside Enstatite
Rock/
mineral SiO2 KAlSi3O8 NaAlSi3O8 CaAl2Si2O8 KAlSi3O8
(K,Na)
(Si,Al)4O8
K(Mg,Fe)3 
(AlSi3O10) 
(F,OH)2
KAl2 
(AlSi3O10)
(F,OH)2
(Ca,Na) 
(Mg,Fe,Al)
(Si,Al)2O6 CaSiO3 CaMgSi2O6 Mg2Si2O6
Granite 26 6 25 16 15 0 4 6 0 0 0 0
Basalt 0 5 13 59 0 0 0 0 20 0 0 0
Gabbro 0 0 7 56 0 0 0 0 2 3 13 8
Limestone 22 0 0 0 0 0 0 0 0 0 0 0
Quartz 100 0 0 0 0 0 0 0 0 0 0 0
Olivine 0 0 8 0 0 0 0 0 0 0 0 0
Microcline 0 2 0 0 95 3 0 0 0 0 0 0
Olivines Carbonates
Faylite Forsterite Hornblende Kaolinite Calcite Dolomite Aragonite
Calcite  
Magnesian
Rock/mineral Fe2SiO4 Mg2SiO4
Ca2(Mg,Fe,Al)5  
(Al,Si)8O22 
(OH)2 Al2Si2O5 (OH)4 CaCO3 (CaMg) (CO3) CaCO3 (Ca,Mg)CO3
Granite 0 0 0 0 0 0 0 0
Basalt 0 0 4 0 0 0 0 0
Gabbro 0 6 5 0 0 0 0 0
Limestone 0 0 0 0 2 74 1 1
Quartz 0 0 0 0 0 0 0 0
Olivine 2 85 0 5 0 0 0 0
Microcline 0 0 0 0 0 0 0 0
Table 2.  Mineralogy of rocks/minerals as determined by Rietveld refinement of XRD patterns (%).  
Values < 1% were below the detection limit and highlighted as 0. 
Figure 1. Quantification of 14C pulse-labelled photosynthate allocated by Pinus sylvestris to P. involutus, 
and its subsequent deployment in biomass and exudates in fungal-colonised weathering arenas 
containing quartz, granite, microcline, basalt, olivine, limestone and gabbro. Error bars indicate standard 
deviation. Means sharing the same letter are not significantly different (P > 0.05, ANOVA, Games-Howell).
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Figure 2. Confocal laser scanning microcscope images from symbiotic P. involutus hyphae stained with 
5 μM SNARF4F (Invitrogen) in water and emmissions detected at 580 and 640 nm with a Zeiss Axioplan 
and a 510 meta detector, excited with a 488 nm argon laser (see materials for details). Fluorescence 
intensities revealed pH values for (A) P. involutus from basalt, pH < 4.6–4.9, (B) P. involutus from limestone, 
pH < 4.6, (C) P. involutus from granite, pH = 6.2–6.6.
Figure 3. Micro Fourier transform infrared (μFT-IR) spectra from symbiotically grown hyphae of P. 
involutus with adhering secondary minerals taken from weathering arenas in microcosms with minerals/
rocks of quartz (black), granite (blue), microcline (bright green), basalt (orange), olivine (dark red), 
limestone (bright red) and gabbro (dark green). Calcium oxalate was measured in comparison as a fine 
powder (grey). Values were obtained from combined readings from 6 different locations of each sample in 
triplicates at 100 repeats each (1800 repeats per spectrum in graph).
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smaller peaks from selected areas of hyphal samples from granite only reached levels of less than 800 
X-ray counts per minute.
Quantitative analysis of oxalate and calcium in and attached to the surface of symbi-
otic hyphae using ion chromatography and inductively coupled plasma mass spectrome-
try. Amounts of oxalate per unit biomass of hyphae increased in order from quartz, granite, microcline, 
basalt, olivine, limestone to gabbro (Table 3). Hyphae of P. involutus sampled from wells with quartz and 
granite contained less than 10 mg oxalate per g of biomass (DW, including secondary minerals, Table 3). 
Significantly higher (P < 0.05) concentrations of oxalate were found in the presence of basalt, olivine 
and limestone in the range of 60–80 mg oxalate g−1 biomass (DW, including secondary minerals). Over 
190 mg oxalate g−1 biomass (DW, including secondary minerals) was found in the presence of gabbro, 
which was higher (P < 0.05) than for all other minerals or rocks tested.
While very low concentrations of calcium were detected associated with fungal biomass growing 
with quartz and granite (below 4 mg g−1 biomass DW, including secondary minerals), higher values were 
found with hyphae growing on microcline and olivine (20–40 mg g−1 biomass DW including second-
ary minerals). Hyphae in the presence of basalt, limestone and gabbro (> 10% CaO in parental rocks, 
Table  1) showed significantly higher (P < 0.05) accumulation of calcium (40–120 mg g−1 biomass DW 
including secondary minerals) with gabbro providing significantly higher values than all other tested 
minerals and rocks (P < 0.05; Table  3). In contrast, hyphae of P. involutus grown in monoculture on 
Modified Melin Norkran’s agar contained only 1.4 mg g−1 biomass DW calcium. Accumulation of oxalate 
and calcium per unit length of hyphae per day showed close similarities to the total accumulation, with 
hyphae from weathering arenas of gabbro exceeding the accumulation of 2.1 and 2.7 10−10 mol m−1 d−1 
oxalate and calcium, respectively (Table 4).
Calcium and oxalate accumulation per g biomass (DW, Table 3) correlated closely (calcium:oxalate, 
R2 = 0.909) at a slope of 1.37 (Fig.  4). For olivine and granite the mass ratio of calcium:oxalate was 
closer to 1.0 while for limestone and basalt it was closer to 1.4. The noble agar base in the wells was a 
potential source of calcium. However, concentrations were only in the region of 11.5 (+ /− 0.02) ng g−1 
(wet weight, WW). Outside the wells, the base agar concentrations ranged around 16–19 ng g−1 WW for 
Oxalate Calcium
Weathering arena 
Rock/mineral mean ± mean ±
Quartz 3.08a 3.17 2.69a 2.39
Granite 5.58a 5.76 3.07a 2.72
Microcline 35.04 7.33 22.37 2.84
Olivine 72.36b 19.21 32.99ab 17.75
Basalt 63.75b 32.4 43.64b 18.66
Limestone 77.30b 4.58 57.15b 8.28
Gabbro 197.91c 20.77 112.73c 11.53
Table 3.  Accumulation of oxalate and calcium (mg g−1) biomass (DW) on P. involutus hyphae (incl. 
secondary minerals). Letters (a, b, c) indicate significant differences (ANOVA, Tukey); ± indicates standard 
deviation.
Oxalate Calcium
Weathering arena 
rock/mineral mean ± mean ±
Quartz 0.033a 0.035 0.065a 0.613
Granite 0.034a 0.030 0.047a 0.047
Microcline 0.383 0.053 0.551 0.675
Olivine 0.610b 0.159 0.591ab 0.718
Basalt 0.732b 0.521 1.149ab 0.569
Limestone 0.845b 0.367 1.395ab 0.414
Gabbro 2.184c 0.250 2.795b 0.485
Table 4.  Oxalate and calcium accumulation rates (10−10 mol) per m hyphae and day (m−1 d−1). Letters 
(a, b, c) indicate significant differences (ANOVA; Tukey for oxalate and Games-Howell for calcium data);  
± indicates standard deviation.
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calcium that was separated from the fungus by a cellophane sheet. The perlite was a further potential 
source of calcium (Table 1).
Mycorrhizal weathering rates compared to abiotic weathering rates. This study’s fungal-driven 
calcium accumulation rates (moles Ca m−2 s−1) were based on the maximum theoretical extent of 
hypha-mineral contact area as the mass transfer interface and represent lower bound values as; i) large 
proportions of the hyphae have been observed to be not in direct contact with rock/minearls, thus the 
maximal fungal-mineral contact area may be greatly overestimated and as a consequence the calculated 
calcium accumulation rate per square metre underestimated, possibly by a factor of 10 based on visual 
inspection of microcosms and optical microscopy micrographs; ii) duration of colonization of weathering 
arenas may have been up to two weeks shorter than reported due to biweekly colonization inspections; 
iii) fungal oxalate secretion may not have taken place at a constant rate during the colonization of the 
weathering arenas; iv) not all calcium and oxalate may have been transformed into secondary minerals, 
for example, some calcium may be transported to the plant host, and not included in this quantification.
Accumulation rates of calcium through fungal-mineral interaction in monoxenic microcosms in this 
study were greater than reported abiotic stoichiometric weathering rates of pure calcium bearing mineral 
phases in laboratory experiments at the same temperature26,28,38. Based on the presence of anorthite, the 
fastest weathering calcium bearing mineral in basalt and gabbro, previously reported abiotic weather-
ing rates at pH 4 were 10–100 times lower than the here quantified ectomycorrhiza weathering rates 
(even without considering the factors discussed above that are likely to have underestimated this biotic 
weathering). However, calcium accumulation rates from granite in this study were similar to the abiotic 
dissolution rates reported for anorthite. Furthermore, calcium accumulation from limestone weathering 
in this study was at least three orders of magnitude lower than reported abiotic dissolution of dolomite38 
(Table 5a,b).
Discussion
The formation of secondary minerals on hyphae in this study was confirmed to be calcium oxalate using 
μFT-IR39 and these findings were verified via identification of calcium as one main component of the 
crystals using SEM-EDS. The overlay of the calcium oxalate spectrum and the amide I and II peaks of 
the fungal biomass allowed a semiquantitative evaluation suggesting that exudation of higher quantities 
of oxalate were correlated to rock/mineral samples containing more than 10% wt of calcium and magne-
sium combined (olivine, basalt, gabbro, and limestone). No other types of oxalate crystals such as mag-
nesium oxalate (glushinskite) were identified via μFT-IR. Likewise, SEM-EDS identfied no major cations 
other than calcium in the crystals. Minor variations in the IR peak position of calcium oxalate were most 
likely associated with crystaline water (in mono- and dihydrate forms)40. The lack of accumulation of 
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Figure 4. Correlation of oxalate and calcium accumulation rates in mmol g−1 DW from quartz (empty 
diamond), granite (empty square), microcline (empty triangle), olivine (empty circle), basalt (filled 
square), limestone (filled diamond) and gabbro (filled circle). R-square value of linear regression fit is 
0.909, at a slope of 1.37 (black line) in comparison to a slope of 1 (dashed line).
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other oxalate based crystals such as magnesium oxalate suggested either calcium-selective dissolution 
or that nutrients other than calcium such as magnesium may have dissolved and been taken up by the 
fungal hyphae and transported to the plant host.
In this study, the pH at the hyphal-surfaces was lowered from above 6 to below 5 in weathering arenas 
with basalt and limestone when compared to granite. By analogy with abiotic dissolution mechanisms, 
this drop in pH, putativley associated to the potential uptake of cations by the hyphae and the exudation 
of oxalate (~10−10 mol m−1 d−1; Table 4), would accelerate calcium-bearing silicate and carbonate mineral 
dissolution that includes the release of calcium and production of calcium oxalate on the fungal hyphae 
as identified via μFT-IR. These findings are in accord with previous observations of symbiotic P. involutus 
hyphae on biotite, where pH decrease and organic acid exudation, amongst other processes, was iden-
tified as an important factor in fungal directed weathering33. The lower pH values for hypha in contact 
with basalt and limestone are associated with relatively greater calcium release, compared with higher 
pH values for hypha in contact with granite which exhibited far less calcium release (Fig. 2). Because the 
associated alkalinity production from calcium dissolution should increase interfacial pH, this indicates 
that the relatively lower interface pH in the presence of the greater calcium dissolution for basalt and 
limestone is controlled independently by biologicaly-induced mechanisms such as cation uptake and 
oxalate production resulting in calcium oxalate precipitation, rather than as a consequence of the abiotic 
calcium dissolution reaction. A biologically-driven regulation of interface pH is also supported by the 
correlating measurements of greater 14C photosynthate allocation to basalt and limestone compared to 
granite (Fig. 1).
The fungal allocation of 14C-labelled carbon received from tree photosynthesis differed between 
groups of rocks and minerals, with low allocations to granite, microcline and quartz, medium-high allo-
cations to basalt, gabbro and olivine and significantly higher allocation to limestone grains (Fig. 1). The 
accumulation of calcium on the hyphae correlated with 14C allocation (R2 = 0.688 for silicate rocks and 
minerals; Supplementary Figure S2), with low amounts associated with hyphae in the presence of granite 
and quartz, and significantly higher amounts of calcium were associated with hyphae taken from arenas 
with basalt, limestone and gabbro (Table 3). Likewise, accumulation of oxalate was lowest in/on hyphae 
in the presence of granite and quartz, and significantly higher in/on hyphae taken from arenas with 
olivine, basalt, limestone and gabbro. This is consistent with a previous study22, employing almost iden-
tical microcosms with P. sylvestris symbiotic with P. involutus, in which smallest amounts of 14C-labelled 
recent photosynthate were traced into fungal-colonised weathering arenas containing quartz compared 
to much higher rates of 14C allocation into those containing apatite grains.
Consequently, the evidence suggests that the allocation of photosynthate in ectomycorrhizal P. 
involutus mycelial networks is intimately linked to factors that enhance the dissolution reactivity of 
calcium-bearing silicate and carbonate minerals. These include; active lowering of pH, increased exu-
dation of oxalate as a ligand to accelerate element release from mineral surfaces, resulting in calcium 
oxalate precipitation. This reduces the dissolved calcium activity thereby maintaining high solid-solution 
concentration gradients favouring dissolution of calcium-bearing silicate and carbonate minerals. These 
factors all correlate with the observed biological effects of increased photoassimilate allocation, oxalate 
exudation and the release of elements from minerals. However, this link was weaker in weathering arenas 
with limestone, in which 14C accumulation was higher than for other minerals but the accumulations of 
oxalate-bound calcium was significantly less than in the presence of gabbro. This may be due to some of 
the 14C in the case of the limestone arising from abiotic precipitation / exchange of 14C into the calcium 
carbonate mineral.
The stoichiometry of calcium oxalate predicts a one-to-one ratio for the crystalline weathering prod-
uct, whereas in this study ratios (calcium:oxalate) across the arenas with different minerals and rocks 
were somewhat higher at 1.37 (R2 = 0.909; Fig. 4, Table 3). Calcium abundance exceeding that of oxalate 
(A) (B)
Calcium accumulation 
[mol m−2 s−1]
Rock/mineral
Major calcium bearing minerals 
[>1 mol%] R1 ± pH4 pH7
Granite Anorthite 3.2 × 10−11 3.2 × 10−12 Anorthite 2 × 10−11 6 × 10−12
Basalt Anorthite, augite, hornblende 5.6 × 10−10 2.7 × 10−10 Diopside 3 × 10−11 1 × 10−13
Limestone Dolomite 6.6 × 10−10 5.6 × 10−11 Augite 2 × 10−12 > 10−14
Gabbro Anorthite, diopside, augite, hornblende 1.1 × 10−9 5.7 × 10−10 Hornblende 1 × 10−12 2 × 10−13
Dolomite 1 × 10−6
Table 5.  (A) Calcium accumulation rates based on theoretical maximum fungal-rock contact areał.  
(B) Chemical weathering at 288 K in water* [mol m−2 s−1]. łcontact area as calculated in methods. ± 
indicates standard deviation. *modified (Arrhenius correction to 288 K) from26,28,38.
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may have come in part from calcium in the fungal biomass which would not be part of the secondary 
minerals.
While only in the weathering arena with gabbro the fungal biomass was singificantly higher than in 
the quartz controls, recent investigations of rock grains buried under angiosperm trees also revealed 
significantly higher hyphal colonization rates (quantified as hyphal length) of basalt compared to granite 
and quartz24. Findings in the present study suggest that after initial exploratory colonization of weath-
ering arenas, the presence of certain rocks/minerals have subsequently resulted in enhanced weathering 
activity, but not necessarily in significant increases in fungal biomass. However, photosynthate (14C) allo-
cation was elevated in weathering arenas of higher weathering activity (calcium oxalate accumulation), 
albeit not always significantly. In this study, 14C allocation was measured at the end of the experiment 
over a period of 19 hours. The biological activity of the fungus in growth and secretion of oxalate during 
the 19 h of 14C exposure is likely to have changed very much from the initial colonization to the later 
stages of mineral dissolution throughout the experimental period. Some of the high variability in 14C 
allocation by the fungus among the measured replicates may reflect temporal differences in rates of col-
onization of the wells containing minerals.
The present study revealed that the accumulation of oxalate, not the accumulation of fungal biomass 
(P = 0.217), served as a proxy of fungal weathering activity by symbiotic P. involutus and was linked 
to the photoassimilate allocation at the weathering interface. It is unlikely that biological regulation of 
weathering activity was solely based on calcium release, since calcium requirements by the plant host 
(10 to 50 mg g−1 (DW) in plant tissue)41 are rather limited. The mobilization of other nutrients, essential 
for growth are likely to have played a key role. Only traces of essential nutrients such as phosphorus, 
magnesium or potassium are present in quartz, thus photosynthate allocation to quartz by the fungus 
would be uneconomical as opposed to more nutrient-rich rocks or minerals. Olivine, limestone, gabbro 
and basalt contained high levels of magnesium, but in different mineral forms (forsterite, dolomite, diop-
side and augite, respectively). Basalt and granite contained the highest amounts of phosphorus. However, 
XRD analysis was unable to determine its mineral form. Since about 95% of phosphorus in Earth’s crust 
is associated with calcium and this element controls P solubility in most soils42, the calcium release by 
mycorrhiza may be a constitutive response to facilitate phosphorus uptake by plants since this is one of 
the primary functions of mycorrhiza9,12.
Quirk and colleagues concluded in their work that mycorrhizal fungi concentrate their activity on 
weatherable nutrients24. Indeed, the abiotic kinetic reactivity of calcium bearing minerals alone could not 
explain the level of accumulated calcium oxalate in this study. The abiotic dissolution rate of calcium from 
dolomite, the dominating calcium bearing mineral in limestone, is about five orders of magnitude higher 
than from anorthite26,28 (at pH 4), which is highly abundant in basalt and gabbro (Table  2). However, 
biotic calcium dissolution in this study was significantly higher from gabbro than limestone. These find-
ings suggest that ectomycorrhizal weathering is highly targetted and enhanced by calcium-bearing min-
erals but the rate of oxalate release by P. involutus is not controlled soley by the calcium concentration 
in a mineral or rock. The accumulation of calcium oxalate indicates rates of calcium dissolution that 
exceed biological demand by the fungi and the plants, and the relatively low solubility of calcium oxalate. 
High levels of calcium may actually be toxic to fungi. Wood rotting fungi have been reported to form 
caclium oxalate crystals as a form of detoxification43, thus calcium oxalate formation in this study may 
have reduced a possible negative effect of free calcium on fungal growth.
The weathering of calcium-bearing minerals is likely to have released other nutrient elements that 
may have been taken up by the fungal hyphae and transported to the plant host, and would therefore not 
be detected on the fungal hyphae. Indeed, Smits and colleagues found evidence of phosphorus translo-
cation from apatite through P. involutus to the plant host P. sylvestris22 and calcium accumulation most 
likely as calcium oxalate crystals have been reported in mesh bags with apatite buried in forest soils44. 
However, the presence of apatite in the present study could only be inferred from normative calculations. 
In olivine, calcium and phosphorus concentrations are very low. Nevertheless, oxalate accumulation on 
fungal hyphae in contact with olivine was found to be significanlty higher than with quartz or granite. 
This suggests that nutrients such as magnesium, abundant in olivine, basalt, gabbro and limestone may 
have been targetted by the fungus as well. The accumulation rates of oxalate in this study (Table  4) 
were of the same order of magnitude as in pine microcosms with Hebeloma crustuliniforme as fungal 
symbiont23.
Calcium concentrations in the plant host are about an order of magnitude lower than its typical 
concentrations in the earth’s crust2. The relatively low plant calcium demands means that the rate of 
calcium oxalate accumulation on the fungal hyphae in our study can be used as a proxy for estimat-
ing ectomycorrhizal weathering rates. These weathering rates were highest for gabbro calculated at 
1.1 × 10−9 mol m−2 s−1 calcium and exceeded independently reported abiotic weathering rates of the 
calcium bearing minerals in gabbro (anorthite, diopside, augite, hornblende) by a factor of 100 and 
exceeded abiotic weathering rates by a factor of 10 in the case of calcium bearing minerals in basalt and 
olivine (Table 5). Unlike weathering rates from this study, abiotic weathering rates taken from the litera-
ture were carried out with individual mineral components only, thus abiotic weathering rates of minerals 
in rocks as used in this study may not be exactly the same. Since the calculations behind the ectomyc-
orrhizal weathering rates assumed that all fungal hyphae were in contact with the rocks or minerals, the 
actual fungal weathering rate was potentially much higher as microscopic observations suggested that 
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the vast majority of fungal hyphae were actually aerial. Considering the given uncertaincies from above, 
the weathering rates reported here are considered to be lower bound values.
The extent of calcium oxalate acumulation on the ectomycorrhizal hyphae alongside photosynthate 
translocation to the fungal hyphae clearly show that ectomycorrhizal weathering is indeed ultimately 
driven by the carbon supply provided by the plant. However, calcium abundance in the silicate rocks, 
minerals and limestone tested appears not to be the sole driver for targetted fungal weathering via exuda-
tion of oxalate to mobilize nutrients. This study provides indirect evidence that plant and fungal nutrient 
element contents in minerals, such as magnesium or phosphorus may contribute to the specific alloca-
tion of fungal exudates and biological weathering activity, but the main chemical sink for secreted oxalate 
is the formation of crystaline calcium oxalate, irrespective of the chemistry of the minerals.
Despite the limitations of deducing weathering rates from the accumulation of calcium in second-
ary minerals, calculations presented in this study clearly indicate that ectomycorrhial weathering has 
the potential to be several orders of magnitude faster than abiotic weathering rates. However, interac-
tion of ectomycorrhizal hyphae in soils with other microbes such as bacteria may increase or decrease 
biological weathering. Oxalate may serve as a carbon source for a group of soil bacteria45 while at the 
same time soil bacteria may enhance biological weathering through organic acid release27. Furthermore, 
ectomycorrhiza other than P. involutus may show different rates of weathering. Thus, further research 
is needed to quantify the effect of other microbiota in biological weathering in soils in the future. In 
conclusion, ectomycorrhizal weathering has the potential to dominate chemical dissolution rates in 
the vadose zone of temperate forests where low levels of gravitational water and high ectomycorrhizal 
activity occur. The evidence provided in this study will further support long-term carbon cycle models 
where ectomycorrhiza-weathering is increasingly recognized as a driver of land-to-ocean calcium fluxes, 
influencing the long-term concentration of CO2 in the atmosphere46,47. This has been shown to occur 
via non-linear feedbacks, where as atmospheric CO2 decreases through being sequestered into marine 
calcium and magnesium carbonates, rates of tree-mycorrhiza-driven weathering also decrease as a result 
of restricted photosynthate allocation with falling CO218,48.
Methods
Rock and mineral substrates used for fungal weathering experiments. Samples of rocks (gran-
ite, basalt, limestone, gabbro) and minerals (quartz, microcline and olivine) were individually fractured 
using a jaw-crusher and further broken in an agate mortar before sieving to obtain a 0.5–1.0 mm size 
fraction. These rock/mineral grains were then washed ultrasonically in deionised water to remove fine 
particles, dried at 80 °C and subsequently sterilised by autoclaving.
The chemical composition of the crushed rock/mineral samples was determined by X-ray Fluorescence 
(XRF) analysis using an XRF spectrometer (PANalytical Axios Sequential system; School of Earth, 
Atmospheric and Environmental Science, University of Manchester, UK). The mineralogy of each 
crushed sample was quantified by X-ray diffraction (XRD) using a Bruker D8 Advance Diffractometer 
with a scan range between 2 to 75° 2θ and at a 0.01° step size. The relative percentages of the mineral 
phases were determined by Rietveld refinement using the TOPAS software (version 4.2, Bruker AXS).
Monoxenic microcosms with plant host and symbiotic fungus. Pinus sylvestris seeds from the 
Forestry Commission, England were surface sterilized in two rounds of 30% hydrogen peroxide solution 
for 5 min each, rinsed in sterile distilled water and aseptically germinated over a period of 4 weeks on 
1.5% plant agar as described elsewhere49. Germination took place in climate controlled plant growth 
chambers at 15 °C day and 10 °C night temperatures, with an 18 hour photoperiod at a photon flux 
density of 250 μ mol m−2 s−1 and relative humidity of 60–75%. These growth conditions were maintained 
throughout the experimental stages of the study. The seedlings were transferred individually to sterile 
10 × 10 cm square Petri dishes with roots draped on a cellophane sheet on top of 10% Modified Melin 
Norkran’s medium50 and inoculated with the ectomycorrhizal fungus Paxillus involutus. The shoots of P. 
sylvestris protruded outside the dish through a narrow hole that was sealed around the plant stem with 
sterile anhydrous lanolin (BDH, Prolabo) to exclude microbial contamination49. After 10 weeks, the 
plants had formed mycorrhizal roots and were transplanted into sterile experimental microcosms that 
were assembled in a laminar air-flow cabinet. The square Petri dish microcosms contained 100 mL modi-
fied Rorison’s51 nutrient solution (Supplementary Table S1) beneath a cellophane sheet and was solidified 
with 1.5% noble agar (Becton Dickinson, Oxford, UK). A single-grain-thickness bed of acid-washed and 
sieved perlite (volcanic glass) grains of 2.0–2.4 mm was set in a 20 mL layer of noble agar on top of the 
cellophane (solutions, perlite and cellophane were autoclaved). Six autoclaved plastic wells of 20 mm 
diameter were inserted as weathering arenas22. To these wells, 500 μ L of 0.8% noble agar was added and 
overlaid with a disc of cellophane onto which 0.4 or 0.5 g of sterile mineral/rock samples was placed (one 
type of rock/mineral per microcosm).
The majority of the microcosms were harvested after 106–125 days of incubation. However, three 
microcosms with quartz, olivine and granite were harvested after 225–312 days due to late fungal colo-
nization of the wells. All microcosms were watered with sterile water (perlite layer) in 90 day intervals 
(weathering arenas did not receive any added water). On harvesting, weathering arenas were removed 
from the microcosms, oven dried (80 °C) and stored in desiccators. Individual hyphae were then removed 
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under 10–50 times magnification using fine forceps, and freed from adhering test mineral grains until all 
visible hyphae were removed from the wells, leaving the rock/mineral grains behind.
Quantification of plant-to-fungal carbon allocation to the weathering arenas. After 16–19 
weeks of growth, a subset of microcosms (eight microcosms per rock/mineral with four wells each) were 
sealed in gas tight clear acrylic labelling chambers (675 cm3) and exposed to 1.036 MBq of 14CO2 gas, in 
an illuminated fume hood (photon flux density of 250 μ m m−2 s−1) for pulse labelling as described ear-
lier49. Microcosms were destructively harvested approx. 19 hours after labelling, coincident with the time 
of greatest 14C allocation to the mycorrhizal hyphae determined in earlier trials52. The wells with rocks/
mineral grains were divided into two equal subsamples and dried at 80 °C overnight. Dry weight measure-
ments were recorded and one half of each well sample was oxidised with a Packard 307 sample oxidiser 
(Packard Instruments, Meriden, CT) to determine total 14C concentration as described previously49. The 
oxidiser operated at > 97% recovery rate with < 0.08% between sample carry-over. Scintillation counting 
was carried out on a Tri-Carb 3100 TR Liquid Scintillation Analyser (Packard Instruments). The remain-
ing well samples were in part used for the quantification of oxalate and calcium concentrations.
Fungal pH measurements. Using fine forceps, individual fungal hyphae were taken from intact 
mesocosms with live plants and fungi growing in symbiosis. Hyphae were removed from wells con-
taining basalt, granite and limestone grains, from triplicate microcosms, and immediately subjected 
to confocal laser scanning microscopy (CLSM) to determine pH using the molecular probe SNARF4F 
(Invitrogen, Carlsbad, CA). CLSM was carried out using a Zeiss Axioscope with Meta 510 detector 
(Zeiss, Jena, Germany) and an argon multiphoton laser at 488 nm. The Meta 510 detector was set up to 
detect signals at distinct wavelengths of 544–587 nm and 619–661 nm. A 5 μ M solution of the SNARF4F 
molecular probe was distributed directly onto individual fungal hyphae. At a final concentration of 5 μ M 
the SNARF4F molecular probe emits at around 580 nm in acidic conditions and at around 640 nm in 
neutral conditions. The ratios of the fluorescence signals were used for pH calibration and calculation 
as described previously33.
Micro Fourier transform infrared spectroscopy (μFT-IR) of fungal hyphae. Measurements by 
μFT-IR were performed on a Perkin-Elmer Spotlight imaging system (Perkin-Elmer, Waltham, MA). 
μFT-IR spectra were collected over the range of 4000-700 cm−1 wavenumber at a resolution of 1 cm−1, 
a beam diameter of 6.25 μm and an aperture of 50 × 50 μ m in reflective mode on an aluminum block. 
Background removal from the aluminum block was carried out using the Spectrum Spotlight software 
(Perkin-Elmer). Each of our test rock/minerals (powdered material), and calcium oxalate monohydrate 
(powdered, purity 99%, Alpha Aesar, Karlsruhe, Germany) together with hyphae from a monoculture 
of P. involutus grown on cellophane over nutrient agar were scanned for reference purposes. P. involutus 
hyphae were collected from weathering arenas (fresh and dried samples without rock or mineral parti-
cles attached) as described above, and μFT-IR spectra obtained from samples derived from at least three 
different microcosms (of each rock/mineral type), from a total of six wells. Five spectra from different 
locations were acquired for each well at 100 scans each to increase the representativeness of the spectra 
per well and subsequently combined to a single spectrum. Scanning areas were selected that contained 
sufficient biomass to obtain a clear signal without adverse scattering effects.
Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM- 
EDS). SEM-EDS analysis was carried out on sub samples of P. involutus hyphae from the wells in the 
microcosms analyzed through non-destructive μFT-IR (see above) with a CamScan MKII (Cambridge, 
UK). Fungal hyphae were prepared on double sided carbon tape and coated with carbon using a Speedivac 
12E6/1598 carbon coater (Crawley, UK). Backscattering images were recorded to find elements with a 
high atomic number at an acceleration voltage of 15 kV. Selected crystalline structures were investigated 
for calcium content using EDS.
Quantification of calcium and oxalic acid via inductively coupled plasma mass spectrometry 
(ICP-MS) and ion chromatography. Quantification of calcium and oxalic acid was carried out on 
handpicked samples of P. involutus hyphae with attached secondary minerals. From triplicate micro-
cosms with quartz, granite, olivine, basalt, limestone and gabbro hyphae were taken (microcline was 
sampled in duplicate due to the loss of a microcosm). P. involutus hyphae were weighed to a precision 
of 10−6 g using a Mettler Toledo MT5 micro balance (Mettler-Toledo Ltd., Greifensee, Switzerland) in 
acid-washed glass HPLC vials (1.0 mL). Samples were boiled for 30 minutes in 0.5 M sulfuric acid in 
volumes of 0.3 mL and the aqueous phase was subsequently divided: (i) 0.1 mL was subjected to direct 
ICP-MS analysis (after a 20 times dilution on an Agilent 7500CX, Agilent Technologies; limit of detection 
3 μ g calcium L−1) and (ii) the remnant 0.2 mL was used for oxalic acid extraction.
The quantification of calcium in the hyphal samples was carried out by measuring Ca44 via ICP-MS 
(Agilent 7500cx, Santa Clara, CA). Isotope fractionation by the fungus was assumed to be negligible since 
previous studies reported isotopic discrimination of calcium of below 1 ppm in ectomycorrhizal trees53.
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Oxalic acid quantification was adapted from Lapeyrie and colleagues19. Briefly, 0.2 mL of the aque-
ous phase (see above) was mixed with 0.3 mL of organic solvent tributylphosphate (Acros Organics, 
Antwerpen, Belgium) in 1.5 mL reaction tubes for 10 min at room temperature on an overhead shaker 
(RM-2, Elmi, Riga, Latvia) at 20 rpm. The organic phase containing the putative oxalate from the extrac-
tion was then pipetted to a new reaction tube and was mixed with 0.2 mL of 2 M NaOH and centrifuged 
at 16000 g for 10 min. 160 μ L of the aqueous phase (with the putative oxalate) was neutralized with 160 μ L 
2 M HCl. The concentration of oxalate was quantified with a ICS1500 ion chromatography system using 
a 10 μ L injection loop, an AS auto sampler, an AS23 column with AG23 guard (all Dionex, Sunnyvale, 
CA) and a sodium (bi)carbonate based eluent54.
Absolute quantifications of calcium and oxalate were calculated per gram dry weight of the fungal bio-
mass including the mass of attached secondary minerals. Additionally, based on the observed timescale 
of weathering arena colonization (last time point of arenas without fungal colonization to harvest, based 
on photographic records), and the conversion of fungal biomass into hyphal length (8.64 × 104 m g−1)55 
it was possible to calculate calcium and oxalate accumulation rates per metre of hyphae, per day.
Calcium accumulation rate calculation. Rate calculations were based on (i) the quantification of 
calcium within and attached to the sampled fungal hyphae (see above), ii) the fungal biomass present in 
the weathering arenas at the time of harvesting, and iii) the duration of fungal colonisation of the weath-
ering arenas. The measured fungal biomass was used to calculate a weathering arena specific, maximum 
possible fungal-mineral contact area (A, m2), following (Eq. 1):
= ⋅ ⋅ ( )A m l w 1
where m is the measured mass of fungi in the weathering arena (g), l represents the length of hyphae 
per gram of biomass (8.64 × 104 m g−1)55, and w an assumed hyphal width from previous observations 
(5 × 10−6 m)35,56. Fungal calcium (Ca) accumulation rates (R, molesCa m−2 s−1), driven by fungal mineral 
weathering, were calculated as follows (Eq. 2):
=
⋅ ( )A
R
t
Ca
2
where Ca is the number of moles of calcium measured by ICP-MS, t represents the time, in seconds, of 
the colonization of the wells, and A the maximum hypha-mineral contact area.
Published chemical dissolution rate laws for minerals in aqueous laboratory solutions are based on 
298 K26,28. In contrast, dissolution in vivo for temperate forests takes place under much cooler conditions. 
In this study, microcosms were incubated with 8 h night at 283 K and 16 h day at 288 K. Therefore, the 
published abiotic dissolution rates presented in this study were corrected from 298 K to 288 K using the 
Arrhenius equation as described previously57. Abiotic dissolution rates for individual minerals were, 
where needed, corrected for rate of calcium release from the stoichiometric dissolution rates reported.
Statistical analysis. Analyis of variance (ANOVA) was tested for all analysed data using Tukey HSD 
post hoc test where the data meet the requirements of homoscedasticity, as confirmed by Leven’s test. 
When the raw data showed distributions that were not not normally distributed they were transformed 
by taking the square root or the log to the base 10. Where the Levene’s test indicated heteroscedasticity 
in both the raw and transformed data, the Games-Howell posthoc test was used, provided a Welch test 
indicated significant differences between the sample means. When several weathering arenas were ana-
lysed from a single microcosm, the values were used to create means to exclude any non-independent 
artefacts in the statistical analysis. Error ranges in all tables are based on standard deviation.
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